svstematic analvsis of he~atic l i~i d s and an unusual abnormalitv in the acidic glycosphingolipids, gangliosides, in a patient with e r~t h r o~h a g o c~t i c ~Y~P~~~~~~~~~ (FEL) is an FEL whose immunologic function we have previously studied tosomal recessive disease of unknown ~a t h o~e n e s i s .
Summary
svstematic analvsis of he~atic l i~i d s and an unusual abnormalitv in the acidic glycosphingolipids, gangliosides, in a patient with e r~t h r o~h a g o c~t i c ~Y~P~~~~~~~~~ (FEL) is an FEL whose immunologic function we have previously studied tosomal recessive disease of unknown ~a t h o~e n e s i s .
Because of , , , , .
evidence of increased circulating and hepatic lipids in FEL, we 'LL) ' performed a comprehensive analysis of the hepatic lipids of a patient with this disease. In contrast to normal qualitative char-
MATERIALS AND METHODS
acteristics and to normal or only mildly elevated concentrations of total lipids, neutral lipids, phospholipids, and neutral glycosphingolipids, this study reports a significant elevation of acidic glycosphingolipids, gangliosides (387 versus 147 nmole lipid-bound sialic acid/g wet weight, patient versus control). This quantitative abnormality was unusual in that it included disproportionately increased concentrations of most of the minor hepatic ganglioside species rather than either a marked increase in one single or a generalized nonspecific increase in all gangliosides, which is characteristic of known disorders exhibiting hepatic ganglioside storage. Activities of the hepatic lysosomai gl~cosylh;ldr~lases which are i m~o r t a n t in ganglioside metabolism were therefore assessed --by usi& artificial substrates. Of the enzymes tested, /3-galactosidase activity alone was remarkable, being moderately reduced (33% of that of the normal liver); no biochemical explanation for the reduction was found. The findings suggest FEL may be associated with a unique quantitative and qualitative abnormality in hepatic gangliosides, the cause of which remains to be elucidated.
Abbreviations FEL, familial erythrophagocytic lymphohistiocytosis GLC, gas liquid chromatography LBSA, lipid-bound sialic acid TLC, thin layer chromatography FEL, first described by Farquhar and Claireaux (7), is an autosomal recessive disorder which is usually rapidly fatal in early childhood (8, 38). Clinical findings in FEL include anorexia, hepatosplenomegaly, jaundice, thrombocytopenia, and liver dysfunction (7, 8, 34, 38) . Although the pathogenesis of FEL is not understood, lymphohistiocytic infiltration with marked erythrophagocytosis in multiple organs is a uniform autopsy finding.
Recently, hyperlipidemia (22, 24, 26) and a consistent pattern of immunodeficiency (22, 24), including plasma-mediated inhibition of lymphocyte proliferation in vitro, have been shown to be characteristic of FEL. The association between hyperlipidemia and plasma immunoregulatory activity in the four patients we studied suggested a possible role of abnormal lipid metabolism in the pathogenesis of this disease (22). Coupled with pathologic evidence of lipid accumulation in the liver of FEL patients (7,38), the results suggested that a comprehensive study of hepatic lipids might constitute a direct approach to elucidating a potential lipid abnormality in this disease. We report herein the results of a Total lipids. Liver samples of the 3-year-old patient and a normal, previously healthy, adult control (accident victim) were obtained within hours of death and stored at -70°C until studied. Total lipids were isolated by the method of Folch et al. (9) and separated by silicic acid column chromatography (6) into three major fractions (neutral lipid, neutral glycosphingolipid, and phospholipid). The fractions were dried in vacuo, quantitated gravimetrically, and spotted on precoated 250 micron-thick TLC plates (E. Merck, Darmstadt, W. Germany) activated for 1 hr at 1 10°C. Silica Gel G plates were used for TLC of the neutral lipids and glycosphingolipids and Silica Gel H plates (no CaS04 binder) for TLC of the phospholipids. Neutral lipids were developed in petroleum ether:diethyl ether:acetic acid (90: 10: 1, v/v/v) and glycosphingolipids and phospholipids in chloroform:methanol:water (100:42:6, v/v/v). Plates were visualized with iodine vapor for preparative TLC and with the appropriate spray reagents for qualitative TLC analysis (43).
Cholesterol was quantitated colorimetrically (1). Triglycerides were isolated by preparative TLC and subjected to methanolysis to obtain methyl esters of the individual component fatty acids (6). These were identified and quantitated by gas liquid chromatrography (GLC) (2) using methyl arachidate as the internal standard. The total molar fatty acid concentration was divided by 3 to calculate the molar triglyceride concentration. The composition of individual hepatic triglyceride species was determined by direct probe low-resolution mass spectrometry (16). Distribution of triglyceride species was calculated from the ion intensities of their characteristic mass fragmentation patterns (16). The average triglyceride molecular weight of 850 determined from these data was used to convert the molar values obtained by GLC into weight units.
Gangliosides and other glycoconjugates. A total lipid extract of liver tissue for ganglioside quantitation was obtained by the procedure of Ledeen and Yu (27). Gangliosides were measured as LBSA by the modified resorcinol assay (27). Gangliosides were purified by the Suzuki modification (45) of the method of Folch et al. (9), followed by Sephadex G-50 gel filtration to remove low molecular weight contaminants (27) before determining their thin layer chromatographic patterns. TLC was performed on precoated HPTLC Silica Gel 60 plates (E. Merck, Darmstadt, W. Germany). The plates were developed in chloroform: methanol:0.25% aqueous CaC12.2H20(60:40:9, v/v/v) (27) and visualized with resorcinol-HC1 spray reagent. Gangliosides were identified by the nomenclature of Svennerholm (48).
Qualitative analysis of hepatic oligosaccharides in aqueous liver homogenates was performed by the method of Holmes and O'Brien (18), slightly modified to improve resolution by using silica gel G plates (Redi-Plates, Fisher Scientific, Pittsburgh, PA) and by developing the plates in butano1:acetic acid:water (3:3:2, v/v/v). Plates were sprayed with orcinol and resorcinol-HC1 to visualize neutral sugars and sialic acid, respectively. Total hepatic sialic acid content was determined by GLC (27).
Lysosomal glycosylhydrolase activities. Liver samples which had been stored at -70°C were homogenized in distilled water (10% W/V) with three 1-min pulse intervals using a Polytron homogenizer (Brinkmann, Westbury, NY), and then freeze-thawed three times (46). The homogenates were centrifuged and the clear supernatants used immediately for the enzyme assays. Liver lysosomal glycosylhydrolase activities were determined using 4-methylumbelliferyl-glycoside substrates (Koch-Light, Colnbrook, England) (53), except for neuraminidase activity, which was determined using 2(3'-methoxypheny1)-a-N-acetylneuraminide (Boehringer-Mannheim, Indianapolis, IN) in 0.1 M acetate buffer, pH 5.0 (3, 50). Protein concentrations were determined by the procedure of Lowry et al. (3 1).
RESULTS

Total lipid composition.
Total lipid concentration in the FEL liver was elevated by 42% over that in the normal liver (Table 1) . This increase was accounted for by elevations in concentrations of neutral lipids (67%) which in turn reflected elevations in total cholesterol and triglycerides (56% and 87%, respectively). No abnormality in the distribution of individual species and no triglycerides containing unusual fatty acid components were found by mass spectroscopic analysis of the intact triglycerides. Fatty acid analysis of the isolated triglycerides showed the distribution of the component fatty acids of the triglycerides in the patient and normal control livers to be similar to each other and to the fatty acid composition previously reported for normal liver (49). The free fatty acid profile and concentration (0.5% of the total triglyceride fatty acid concentration, Table 1 ) were normal (19). TLC of the FEL neutral glycosphingolipid and phospholipid fractions revealed neither qualitative nor quantitative differences from findings in the normal liver.
Gangliosides and other glycoconjugates. A 2.6-fold elevation in lipid-bound sialic acid (ganglioside) content was found in the liver of the patient, in comparison to ganglioside content of the control liver (Table 1) . TLC of equal quantities of purified total gangliosides indicated a prominence, in the patient liver, of a number of gangliosides (e.g., with chromatographic mobilities of G M~, L M~, G M~, G T~~, and GaIb) (Fig. l) , which were only faintly or not visible in the TLC of the normal liver gangliosides (Fig. 1) . Densitometric scanning (Fig. 2) of the same TLC plate showed that gangliosides more structurally complex than GM3 constituted 40% of the total gangliosides in the patient liver versus 14% in the control liver. The latter value was in good agreement with those of two recent studies of human liver in which gangliosides other than GM3 constituted 8.4% and 13.6% of the total (36, 42). Calculations of the absolute concentrations of Giw and complex gangliosides from the sialic acid measurements and the densitometric scans indicate that the patient liver had a 1.9-fold higher concentration of G M~ and a more than 5-fold higher concentration of complex gangliosides than did the normal liver.
In contrast to this absolute increase in total gangliosides and relatively greater increase in complex gangliosides, (A) total hepatic sialic acid content was only slightly elevated above that of the control liver (2230 versus 1720 nmole sialic acid/g wet weight); (B) there were no qualitative or quantitative abnormalities in hepatic oligosaccharides; and (C) sialosyl-oligosaccharides were not detectable in the patient liver. These results provide evidence against the elevation in hepatic gangliosides being merely a component of a generalized increase in sialic acid-containing glycoconjugates.
Lysosomal glycosylhydrolase activities. Levels of activity of the following hepatic lysosomal enzymes were similar to those of the normal liver and within the normal range of activity previously determined by others (3, 47): j3-N-acetyl-glucosaminidase, neuraminidase, a-fucosidase, a-mannosidase, ,B-glucuronidase, and agalactosidase. Only P-galactosidase activity was reduced, at 33% of that of the concurrently studied control liver. The reduction in P-galactosidase activity was not due to abnormal pH dependence or optimum, a soluble inhibitor of enzyme activity, selective deficiency of an isoenzyme as assessed by electrophoresis, or deficiency of a heat-labile isoenzyme (17, 37).
DISCUSSION
The objective of this study was to determine whether a specific hepatic lipid abnormality might characterize FEL, because elevations in circulating lipids and fatty infiltration of the liver have been documented in this disease (7, 22, 26, 38) . Qualitative and quantitative study of the major hepatic lipids revealed a mild increase in total lipids, essentially entirely due to elevations in the neutral lipids. At 80 mg/g wet weight, the neutral lipid content was lower than that of fatty livers (93-325 mg/g wet weight) (40), and therefore not a striking abnormality. The major components of the neutral lipid fraction (triglycerides and total cholesterol) were only mildly elevated, in contrast to the 3-100-fold degree seen in the known familial neutral lipid storage diseases (44). Combined with the fact that these lipids were qualitatively normal, significant hepatic neutral lipid storage as a primary component of FEL appears to be excluded.
We next examined the minor lipids. In these further studies, the unexpected finding was that the hepatic ganglioside concentration (387 nmole LBSA/g wet weight) was significantly above (a) that of the parallel normal control liver (147 nmole) and (b) reported normal values for adults and children (up to 254 nmole LBSA/g wet weight) as determined using ganglioside isolation methods similar to those we employed (36, 42). The elevation in hepatic ' All values per g liver, wet weight.
Gravimetric determinations, mean of duplicate samples. Colorimetric determinations as described in "Materials and Methods," mean of duplicate samples. Quantitation of component fatty acid methyl esters by gas liquid chromatography.
Origin-1 2 3 4 Fig. 1 . Thin layer chromatography of hepatic gangliosides. Gangliosides were isolated from sources indicated, chromatographed, and visualized with resorcinol-HC1, as described in "Materials and Methods." Lane I, mixed bovine brain gangliosides (10 nmole, lipid bound sialic acid, Supelco, Bellefonte, PA); Lane 2, human erythrocyte ganglioside mixture (10 nmole), LM~-sialosylparagloboside (35); Lane 3, gangliosides from 96 mg familial erythrophagocytic lymphohistiocytosis patient liver (15 nmole); Lane 4, gangliosides from 246 mg normal liver (15 nmole). Bands above G M~ and at the origin were resorcinol-negative; all other bands were resorcinol-positive. Fig. 2 . Densitometric scan of the thin layer chromatography (Fig. 1) of the hepatic gangliosides of patient (panel A, and lane 3 in Fig. 1 ) and the normal control (panel B, and lane 4 in Fig. 1) . Mobilities of selected ganglioside standards are indicated by arrows (lanes I and 2 in Figure I ). gangliosides is significant in that it is of the same magnitude (1.4-2.9 times normal) as that seen in G M~-and GM~-gangliosidosis (20, 45), two glycosphingolipidoses associated with defined lysosomal enzyme defects; however, the elevations in hepatic gangliosides in these diseases (20,37,45) and in G M~ gangliosidosis (41) represent marked and specific increases in a particular ganglioside. In contrast, TLC analysis of the hepatic gangliosides of our patient showed an increase in multiple gangliosides (including G M~) , with a proportionately greater increase in some of the hepatic gangliosides of structural complexity greater than that of G M~. These results represent an unusual ganglioside abnormality because to our knowledge the known disorders in which hepatic ganglioside metabolism is altered are characterized by either the specific marked accumulation of a single ganglioside (as in the examples above) or a non-selective increase in all gangliosides.
A generalized increase (1.2-5.5-fold) in hepatic lipids (including gangliosides) may result even when metabolism of the lipids is not directly dependent upon the enzyme which is deficient. This may occur when lipid catabolism is impeded because of physical association of the lipids in secondary lysosomes engorged with a primary storage product (e.g., sphingomyelin in Niemann-Pick's disease) (4, 12), or when ganglioside catabolism is impeded because of a more distal enzymatic block (e.g., GMS in Gaucher's disease) (10). Normal hepatic phospholipid and neutral glycosphingolipid concentrations in our patient make these explanations unlikely.
A normal concentration of oligosaccharides, which accumulate in visceral tissues in glycoprotein storage disorders (mannosidosis, fucosidosis) (5 1, 52) and in the known gangliosidoses (18,35, 55), argues against the conclusion that one of these disorders might explain the elevated hepatic gangliosides in our patient. Conditions previously defined as "sialidosis" can be excluded by the absence in this patient of hepatic sialosyl-oligosaccharides (30).
Hepatic lysosomal enzyme activities were studied to determine whether an unusual enzyme defect might account for the observed pattern of ganglioside accumulation in this patient. Although Pgalactosidase activity was moderately reduced (33% of normal), known primary P-galactosidase deficiency associated with glycoconjugate storage diseases (Krabbe's disease, Morquio disease Type B, GMI gangliosidosis) is characterized by activity of this enzyme of less than 10% of normal (13, 37, 41, 46), making it unlikely that a defect in this enzyme was responsible for the elevated hepatic ganglioside levels in our patient. Not excluded by our findings is the possibility that the observed low P-galactosidase activity represents a secondary enzyme defect, as in some cases of mucopolysaccharidosis (17, 33,47) and mucolipidosis (5, 30), where reduced P-galactosidase activity has been associated with a primary defect of a different lysosomal enzyme.
The other lysosomal enzyme activities, measured with fluorogenic substrates, were unremarkable; however, a potential lysosoma1 enzyme defect might be overlooked with these artificial substrates. For example, neuraminidase activity was not decreased in the FEL liver as measured with artificial substrate, but it has been reported that there are two distinct neuraminidase isoenzymes, only one of which can utilize gangliosides as substrates (5, 30). We have not, as yet, excluded the possibility of a deficiency of a particular isoenzyme of neuraminidase in this patient. Hepatic ganglioside accumulation could also result from the absence of a lysosomal enzyme activator protein, required for the in vivo catabolism of gangliosides (14, 15, 29).
The elevation in hepatic gangliosides could be unrelated to an inherited enzyme defect. Certain cationic, amphiphilic drugs, such as chloroquine (1 I), have been shown to cause hepatic ganglioside storage, but in association with a generalized increase in most hepatic lipids, including up to 20-fold elevations in cholesterol and neutral glycosphingolipids. Such elevations were not seen and because no toxins were found in our patient's liver, it seems unlikely that the pattern of ganglioside accumulation in the present case was toxin-related.
We also considered the possibility that the elevation in hepatic gangliosides could reflect the contribution of gangliosides present
